Objective: While malnutrition, especially fat-free mass index (FFMI), is a predictor for mortality in chronic obstructive pulmonary disease (COPD), less information on prevalence and mechanisms is available in patients with chronic respiratory failure (CRF) due to restrictive thoracic diseases (RTD). Design and setting: Cross-sectional study of patients consecutively admitted to an in-patient primary pulmonary centre. Subjects: One hundred and thirty-two patients (30% RTD; 70% COPD) with CRF and intermittent non-invasive positive pressure ventilation. Interventions: Malnutrition was quantified by bioelectrical impedance analysis or body mass index (BMI), and its relationship to laboratory, lung function, inspiratory muscle and blood gas parameters and 6-min walking distance (6-MWD) was assessed. Results: Malnutrition in terms of BMIo20 kg/m 2 occurred in 16.1% of patients with COPD but none of those with RTD. FFMIo17.4 (o15.0 in female patients) kg/m 2 was found in 35.4 and 30.7%, respectively. FFMI was correlated with airway obstruction (sR aw , r ¼ À0.50; FEV 1 /VC, r ¼ À0.28; Pp0.01 each) and lung hyperinflation (intrathoracic gas volume, r ¼ À0.41; total lung capacity (TLC), r ¼ À0.50; Pp0.001 each) in COPD, and with lung restriction in RTD (TLC, r ¼ 0.40; P ¼ 0.011). Furthermore, malnourished patients showed a higher inspiratory load (P 0.1 ) and reduced 6-MWD in both groups. In COPD, only hyperinflation and P 0.1 were independently related to FFMI. Conclusions: Malnutrition as indicated by low FFMI was similarly prevalent in patients with CRF and COPD or RTD, but inadequately represented by BMI. The correlations between lung function impairments specific for the disease and FFMI emphasized the link between malnutrition and respiratory mechanical load irrespective of its aetiology.
Introduction
The association between body mass index (BMI) and prognosis in patients with chronic obstructive pulmonary disease (COPD) has been recognized for many years (GrayDonald et al., 1996; Landbo et al., 1999) . Consequently, BMI has been integrated in a multidimensional score for mortality risk in COPD (Celli et al., 2004) . Moreover, recent studies have indicated that fat-free mass (FFM) can describe nutritional status more accurately and is superior to BMI in the prediction of survival (Schols et al., 2005; Vestbo et al., 2006) . Based on this, the determination of body composition has been recommended in the assessment of COPD (Schols et al., 2005; Vestbo et al., 2006) and bioelectrical impedance analysis (BIA) has been proposed as an appropriate and valid method within a clinical setting (Schols et al., 1991) .
On the other hand, weight loss or cachexia is not a specific feature of severe COPD. It is also observed in other end-stage pulmonary diseases in which it is similarly associated with shorter long-term survival (Cano et al., 2002 (Cano et al., , 2004 . However, the knowledge of the prevalence of malnutrition or altered body composition in these diseases is scarce. In a previous comprehensive study of patients with chronic respiratory failure (CRF), the relationship between malnutrition and functional indices has been analysed while summarizing over different aetiologies, so that diseasespecific characteristics of the underlying mechanisms may have been obscured (Cano et al., 2002) . Indeed, the majority of data on pulmonary cachexia refers to COPD and suggests a multifactorial nature of malnutrition (Congleton, 1999; Agusti et al., 2003) . In COPD, lung hyperinflation seems to be one factor of interest as it results in a mechanical disadvantage, although the contribution of increased work of breathing to cachexia is not clear (Engelen et al., 1999; Mannix et al., 1999; Budweiser et al., 2005 Budweiser et al., , 2006b ). Conversely, evidence has been accumulated that suggests a relationship to elevated levels of inflammatory cytokines and the systemic manifestation of the disease (Gan et al., 2004; Broekhuizen et al., 2006) .
Patients with severe restrictive thoracic diseases (RTD) suffer from unfavourable respiratory mechanics due to chest wall deformities or reduced lung/chest compliance (Bergofsky, 1979) . The corresponding lung function impairment, showing a restrictive ventilatory pattern, also results in augmented work of breathing (Sridhar et al., 1994) . However, whereas in COPD systemic inflammation could be a major factor contributing to malnutrition, in RTD the mechanical aspect appears to be more prominent. Thus, comparison of the characteristics of malnutrition and functional impairment in RTD and COPD, and of the relationship between them, might provide insight into the relative contribution of factors underlying malnutrition and reveal therapeutical targets. In the present study, we therefore assessed the prevalence and characteristics of nutritional depletion and their relation to functional indices in patients with COPD or RTD and CRF, who were under non-invasive positive pressure ventilation (NPPV). To cover different definitions, malnutrition was quantified either by BMI or by indices derived from BIA.
Materials and methods

Population
In this cross-sectional study, consecutive patients with current NPPV due to hypercapnic CRF, regularly admitted for routine follow-up visits to the Centre of Pneumology, Donaustauf Hospital, University of Regensburg, were enrolled between October 2003 and November 2004. Only patients with COPD or RTD (kyphoscoliosis, post-tuberculosis sequelae, fibrothorax and phrenicus nerve lesion) in a stable state of the disease, defined by the absence of clinical signs of pulmonary infection, were considered. Patients with obesity-hypoventilation syndrome, progressive neuromuscular disease or tracheostomy were excluded. Furthermore, because of inaccuracy and missing validation of BIA measurements in obese subjects (Kyle et al., 2004) , patients with BMI X34 kg/m 2 were excluded. None of the patients had severe concomitant diseases (chronic left-heart failure, unstable cardiac arrhythmia, chronic kidney failure and cancer) or clinically apparent oedema. The duration of home NPPV was at least 3 months. During the hospital stay, ventilation parameters were adjusted to optimize blood gas values and nocturnal transcutaneous oxygen saturation. All other therapy was kept constant before and during the visits.
Measurements
Functional assessments Spirometry and body plethysmography (MasterScreen, Jaeger Inc., Höchberg, Germany) were performed following ATS guidelines (American Thoracic Society, 1994), using ERS reference values (Quanjer et al., 1993) . Inspiratory mouth occlusion pressure at 100 ms (P 0.1 ) and maximal inspiratory pressure (PI max ) were measured as described previously (Black and Hyatt, 1969 ). Blood gas analysis (Rapidlab; Bayer Inc.; East Walpole, MA, USA) was performed in samples taken from the hyperaemic earlobe in the daytime during spontaneous breathing of room air or during the patient's usual oxygen supply. Exercise performance was assessed via 6 min walking distance (6-MWD), based on ATS guidelines (ATS, 2002) , with reference values previously described (Enright and Sherrill, 1998) . The levels of haemoglobin, C-reactive protein (CRP) and leukocytes were measured by standard procedures (Micros 60-CT, ABX Inc., Montpellier, France; Dimension Xpand, Dade Behring Inc., Schwalbach, Germany).
Assessment of nutritional indices
Body weight was determined using a digital scale while patients were wearing indoor clothes. Height was assessed standing barefoot and rounded to the nearest 1.0 cm. BMI was calculated as weight/height 2 . Body composition was assessed using a single-frequency 50 kHz bioelectrical impedance device (STA/BIA 101, Medical Inc., Karlsruhe, Germany). The electrical current was applied to the skin through four adhesive electrodes attached to the right dorsal side of the foot and wrist. Before attaching, the skin was cleaned with 70% alcohol. Measurements were performed after breakfast in the morning while patients were lying relaxed in supine position after at least 10 min of rest. FFM was calculated as follows (Kyle et al., 2001) : 
Results
Study population
The study population comprised 132 patients (81 male and 51 female patients) with CRF, due to either severe COPD of stage Global Initiative for Chronic Obstructive Lung Disease (GOLD) IV (n ¼ 93) or RTD (n ¼ 39). In the group with RTD, 74.4% of patients had kyphoscoliosis (20 patients idiopathic, five patients post-poliomyelitis and four patients from rachitis), six patients suffered from post-tuberculosis syndrome, two from fibrothorax and two from phrenicus nerve lesions. Age was not significantly different between COPD and RTD patients, mean 65.379.0 years. The RTD group comprised more women than the COPD group (23 female/16 male vs 28 female/65 male patients; P ¼ 0.002). Owing to this imbalance, functional values were expressed as percent predicted, as far as possible. Upon inclusion, patients with RTD had been longer on nocturnal NPPV than patients with COPD (43738 vs 23721 months; Po0.001). All patients were ventilated in a pressurecycled assist-controlled mode with an expiratory airway pressure of 4.271.9 cmH 2 O, an inspiratory airway pressure of 20.874.1 cmH 2 O and a respiratory frequency of 19.173.8/min. There was no difference in the daily duration of ventilator use according to the time counters (7.075.1 h/ day in COPD vs 7.772.7 h/day in RTD). All patients with COPD and 85% of patients with RTD were on long-term oxygen therapy (LTOT).
Functional characteristics
The population was characterized by severe lung function impairment with compensated hypercapnic CRF during NPPV. The pattern of lung function impairment in COPD and RTD showed statistically significant differences regarding specific airway resistance (sR aw ), forced expiratory volume in 1 s (FEV 1 ), the ratio of FEV 1 to vital capacity (FEV 1 /VC), intrathoracic gas volume (ITGV) and total lung capacity (TLC) ( Table 1 ). There were no significant differences regarding P 0.1 , blood gases and haemoglobin levels. However, the patients with COPD showed higher values of leukocytes and CRP levels. 6-MWD, as determined in 107 patients, was lower in COPD (Table 1) .
Prevalence and characteristics of malnutrition BMI, FFMI and FMI, analysed for male and female patients separately, did not differ significantly between COPD and RTD, although there was a trend towards lower values in COPD (Table 2 ). However, FFMI was significantly different between male and female patients in both groups. BMI and FMI showed smaller differences between male and female patients (Table 2) . patients with COPD and 12 (30.7%) patients with RTD, whereas a low FMI was found in only 2 (2.2%) patients with COPD and none with RTD ( Figure 1 ). When analysing the whole study population, there were significant (Po0.001) differences in the frequency of malnutrition if this was defined by FFMI vs BMI.
In patients with RTD, FMI was high in 48.7% (19/39) and very high in 33.3% (13/39), whereas in COPD patients, FMI was high in 25.8% (24/93) and very high in 39.8% (37/93) patients.
Relationship between nutritional and functional indices
Using FFMI for the definition of non-malnourished vs malnourished patients with COPD, the two subgroups showed statistically significant differences regarding lung function, haemoglobin levels and 6-MWD (Table 3) . Correspondingly, significant correlations between FFMI and these functional indices were apparent (Table 4; Figure 2 ). To analyse the relationship with FFMI in patients with COPD more closely, a stepwise multivariate linear regression analysis was employed. Taking FFMI as a dependent variable and sR aw , FEV 1 /VC, FEV 1 , ITGV, TLC and P 0.1 as independent variables, only ITGV, TLC and P 0.1 turned out to be independently associated with FFMI (Po0.05).
In the group with RTD, no significant differences between malnourished and non-malnourished patients were found except for TLC (Table 3) . Accordingly, there was a significant correlation between FFMI and TLC ( Figure 3 ) also with P 0.1 , haemoglobin and 6-MWD (Table 4) . Neither in RTD nor in COPD the subgroups of malnourished and non-malnourished patients showed significant differences in blood gases, CRP or leukocytes. There were also no significant correlations of these parameters with FFMI.
Discussion
In this study we assessed the prevalence of malnutrition in patients with NPPV and CRF due to either severe COPD or RTD. Malnutrition was defined via BMI or body composition. We furthermore compared the relationship between nutritional and functional indices in both groups. A low BMI occurred only in patients with COPD, but a reduced FFMI was present in about one-third of patients with COPD as well as RTD. FFMI showed opposite correlations with TLC in the two groups of patients and was negatively correlated with inspiratory load (P 0.1 ) in both COPD and RTD. This suggests a link between malnutrition and respiratory mechanical load independent of the specific cause of the disease.
CRF is known to exert a detrimental effect on long-term outcome in various pulmonary disorders (Chailleux et al., 1996) , but only limited data are available regarding the occurrence of CRF in relation to body composition. In COPD, we found values of BMI o20 kg/m 2 in about 16% of patients, similar to values observed in patients with COPD recruited for negative pressure ventilation (GrayDonald et al., 1996) or with current LTOT (Chailleux et al., 2003) . When taking FFMI and cut-off values validated in large populations (o17.4/15.0 kg/m 2 for male/female patients), the frequency of malnutrition in COPD rose to 35.4%. Exactly the same prevalence of malnutrition was found using an equation with cut-off values specifically validated for COPD (Steiner et al., 2002, data not shown) . Most authors dealing with malnutrition or pulmonary cachexia have focused on COPD. Much less is known about other severe respiratory diseases (Congleton 1999; Schols 2002) , although their analysis might be elucidating with regard to the factors contributing to malnutrition. Thus, the present study aimed at a comparative analysis of patients with COPD and patients with RTD. The majority of patients showed kyphoscoliosis or post-tuberculosis syndrome, which are known as frequent causes of CRF requiring NPPV (Budweiser et al., 2006a) . None of the patients with RTD showed malnutrition as defined by BMI, but about 31% did so according to FFMI, a percentage nearly as high as in COPD. Therefore, it might well be that the prevalence of malnutrition is underestimated in RTD when BMI is used for assessment.
In a previous study (Cano et al., 2002) , BIA was performed in a heterogeneous group of 261 patients with LTOT and/or home mechanical ventilation. While results in COPD were similar to those of the present study, the frequency of tissue depletion in patients with RTD was much higher, approaching about 80%. This was true, although FEV 1 %predicted and FEV 1 /FVC were about the same in COPD and RTD, just as in the present population. It is unlikely that this discrepancy can be explained solely by the inclusion of a number of patients with invasive mechanical ventilation, in whom malnutrition might occur more often. It seems more important that the authors used a formula different from that used by us to calculate FFM, and that they expressed FFM in terms of % of ideal body weight, using cut-off values of o63/67% (f/m) for the definition of malnutrition. When we analysed our data in the same way, 53.6% of patients with RTD were categorized as nutritionally depleted. Based on clinical experience, however, it seems unreasonable that malnutrition should be less frequent in severe COPD than RTD. COPD is a chronic inflammatory disease associated with increased levels of circulating cytokines and mediators that are presumed to play a role in nutritional depletion (Gan et al., 2004; Broekhuizen et al., 2006) . In accordance with this, we found higher leukocyte and CRP levels in COPD compared with RTD. Furthermore, clinical experience suggests that long-term life expectancy is reduced to a greater extent in COPD than in RTD (Leger et al., 1994) . It seems unlikely that this would occur if patients with RTD showed malnutrition more often than patients with COPD. This reasoning appears to be confirmed by the fact that the two groups showing a similar degree of malnutrition according to FFMI had been similarly elected for NPPV by independent clinical decisions (basically due to hypercapnia) that did not involve body composition measures. On the other hand, due to spine deformity, the 'true' body height could not be determined with certainty in patients with RTD. This might have favoured the underestimation of malnutrition, if a lower value for body height was used in the formulas for calculating BMI and FFMI.
In healthy subjects, FFM is reduced in elderly subjects, whereas FM and FMI increase with age (Kyle et al., 2003) . However, sarcopenia normally can be counteracted by an increase of BMI (Schutz et al., 2002) . In the present patients with CRF and particularly in those with RTD, these compensatory mechanisms probably were not effectual, as indicated by the high prevalence of low FFM despite high or very high FM in most of the patients. These characteristics may also well reflect disease severity and the low level of activity, as a high FM is indicative of an imbalance between energy intake and expenditure (Kyle et al., 2003) .
The aetiological factors leading to malnutrition in COPD are still unclear and its causes have even been less explored in other chronic end-stage lung diseases. In COPD, many studies have investigated the relationship between nutritional status and respiratory indices, with different results (Openbrier et al., 1983; Fiaccadori et al., 1988; Sridhar et al., 1994; ; Engelen et al., 1994 Engelen et al., , 1999 Mannix et al., 1999; Godoy et al., 2000; Cano et al., 2002) . To our knowledge, TLC, ITGV and sR aw obtained by body plethysmography have not yet been analysed for their relationship to nutritional status in different end-stage pulmonary diseases. Using FFMI, there were clear-cut differences in lung function between malnourished and non-malnourished patients. Correspondingly, there were significant correlations between FFMI and those lung function indices that can be considered to be specific for each disease. Thus, FFMI was associated with airway obstruction and lung hyperinflation in COPD, and with lung volume reduction in RTD. Diffusion capacity for carbon monoxide (DL CO ) was not assessed, which might be considered as a limitation of the study. However, in patients with COPD, this parameter correlates with lung hyperinflation (Engelen et al., 1999) , whereas in patients with RTD the diagnostic value of DL CO might be rather small.
Although these associations do not allow one to draw conclusions on causative mechanisms, our findings support the hypothesis that impairments in lung and chest wall mechanics play a considerable role in the pathogenesis of malnutrition in different respiratory diseases. Indeed, increased oxygen cost for respiratory muscles during rest and exercise as well, and their impact on malnutrition have often been emphasized in COPD (Baarends et al., 1997; Creutzberg et al., 1998; Congleton 1999) . Even more, earlier data have demonstrated that lung function impairment and augmented ventilation are correlated in both restrictive and obstructive lung diseases (Sridhar et al., 1994) . Correspondingly, we found a previously undescribed correlation between FFMI and P 0.1 as a non-invasive marker of inspiratory drive. Of course, measurements of energy expenditure are necessary to confirm the impact of respiratory mechanics on nutritional status (Creutzberg et al., 1998) . Further, it cannot be excluded, however, that dyspnoea, which worsens with increasing severity of disease, has prevented adequate caloric intake (Congleton 1999 , Tang et al., 2002 . However, a positive impact on cachexia after initiation of NPPV recently has been described (Budweiser et al., 2006b) .
Exercise performance in terms of 6-MWD was correlated with FFMI, whereas PI max was not. This observation is in line with previous data showing that nutritional depletion preferentially affects peripheral but not respiratory muscle function (Engelen et al., 1994) . We did not observe a correlation between hypercapnia and nutritional status (Fiaccadori et al., 1988) , probably because all patients were under NPPV that aimed to lower PaCO 2 . Consequently, mean PaCO 2 was as low as 45 mmHg. Therefore, the impact of hypercapnia might have been underestimated in our data set. Similarly, blood gas values were obtained during oxygen supply, preventing the determination of hypoxemia.
Hypoxemia could well be relevant for nutritional status, as tissue hypoxemia per se can cause cellular energetic alterations, leading to an increased metabolic rate and reduced protein synthesis (Agusti et al., 2003) . Moreover, in COPD, systemic inflammation is thought to show a causal relationship to nutritional depletion and is particularly prevalent in underweight patients (Gan et al., 2004) . However, as we did not evaluate high-sensitivity CRP, the role of inflammation for malnutrition in COPD might have been insufficiently represented in our study (Broekhuizen et al., 2006) .
In summary, the present study indicates that malnutrition assessed by FFMI occurred in about one-third of patients with COPD and RTD requiring NPPV. In contrast, malnutrition as defined by BMI was less frequent and found only in COPD. Considering that all patients had been assigned to NPPV due to clinical criteria, the pattern of prevalences of malnutrition indicated that BIA led to a more consistent picture than BMI regarding the occurrence of CRF. This suggests that the same cut-off values of FFMI provide an adequate measure of malnutrition in both groups of patients. Disease-specific patterns of correlations between functional indices and FFMI emphasize the link between malnutrition and respiratory mechanical load independent of its obstructive vs restrictive aetiology. Whether ventilatory support applied via NPPV has beneficial long-term effects on nutritional status in these diseases has to be proven in large prospective-controlled trials.
